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involved in the detection of fast
movement in the preferred direction.
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SUMMARY
Detecting the direction of visual movement is
fundamental for every sighted animal in order to navi-
gate, avoid predators, or detect conspecifics. Algo-
rithmic models of correlation-type motion detectors
describe the underlying computation remarkably
well [1–3]. They consist of two spatially separated
input lines that are asymmetrically filtered in time
and then interact in a nonlinear way. However, the
cellular implementation of this computation remains
elusive. Recent connectomic data of the Drosophila
optic lobe has suggested a neural circuit for the
detection of moving bright edges (ON motion) with
medulla cells Mi1 and Tm3 providing spatially offset
input to direction-selective T4 cells, thereby forming
the two input lines of a motion detector [4]. Electro-
physiological characterization of Mi1 and Tm3
revealed different temporal filtering properties and
proposed them to correspond to the delayed and
direct input, respectively [5]. Here, we test this hy-
pothesis by silencing either Mi1 or Tm3 cells and us-
ing electrophysiological recordings and behavioral
responses of flies as a readout. We show that Mi1
is a necessary element of the ON pathway under all
stimulus conditions. In contrast, Tm3 is specifically
required only for the detection of fast ON motion in
the preferred direction. We thereby provide first
functional evidence that Mi1 and Tm3 are key ele-
ments of the ON pathway and uncover an unex-
pected functional specialization of these two cell
types. Our results thus require an elaboration of the
currently prevailing model for ON motion detection
[6, 7] and highlight the importance of functional
studies for neural circuit breaking.
RESULTS
A large number of studies provide strong evidence that motion
vision in flies is based on correlation-type motion detectors (Fig-
ure 1A) [8–12]. In recent years, great progress has been made in
revealing the internal structure and identifying some of the
cellular elements constituting the Drosophila motion-detection
circuit [13, 14]. In particular, it was shown that motion detection
occurs in two parallel pathways that differ with respect to their
preference for moving brightness increments (ON pathway)
and brightness decrements (OFF pathway) [15, 16]. Genetic ap-
proaches to specifically silence neuronal cell types combined
with electrophysiological and behavioral measurements have
mainly focused on lamina circuits and identified cells that feed
into the ON or OFF pathway, or both [15, 17–19]. T4 and T5 cells
were discovered as the first cells in the Drosophila visual system
that are direction selective and represent the output stages of
ON and OFF elementary motion detectors, respectively [20].
Medulla cells that relay information from the lamina to the
dendrites of T4 and T5 have been characterized anatomically
[4, 21, 22] and, in part, electrophysiologically [5] or by calcium
imaging [23, 24]. However, the functional role of medulla cells
in generating direction-selective responses in postsynaptic T4
or T5 cells is still unknown. In this study, we focus on twomedulla
cell types of the ON pathway: Mi1 and Tm3. These two cell types
form the great majority of synaptic inputs to T4 cells (Figure 1B)
[4] and exhibit different temporal filtering properties [5]. Thus, it
has been proposed that Mi1 and Tm3 constitute the delayed
and direct input lines of the Drosophila ON motion detector,
respectively (Figure 1C) [4, 5]. Here, we test this hypothesis
experimentally.
A Candidate Circuit for ON Motion Detection
Wefirst generated a simple computational model for a fully oppo-
nent correlation-typemotiondetector that computesONandOFF
motion in separate channels [25]. To test the functional role of
the individual input elements, we simulated their removal from
the circuit by setting their output gain to zero and computed the
response of the detector. As expected, when we blocked either
of the two input armsof theONchannel, thedetector lost its direc-
tion selectivity for ON motion completely (Figure 1D). This model
thusgeneratesaclearprediction forour subsequentphysiological
and behavioral investigations: if Mi1 and Tm3 indeed constitute
the two input lines of the ON motion detector, then functionally
silencing either of them should lead to a complete loss of direc-
tion-selective responses to moving ON stimuli in downstream
circuits and behavior under all stimulus conditions.
Mi1 Is an Essential Element of the ON Motion Vision
Pathway
In order to measure the output of the motion-detection circuit,
we performed in vivo patch-clamp recordings from direction-
selective lobula plate tangential cells, which receive input from
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a large number of T4 and T5 cells [26, 27], and stimulated flies
with visual motion on an LED arena [9]. To silence the neuronal
activity of Mi1 or Tm3 cells, we used the Gal4/UAS system [28]
to specifically express the EGFP-tagged inward-rectifying po-
tassium channel Kir2.1 [29]. We generated a specific SplitGal4
line [30] to target Mi1 cells and used two independent Gal4 lines
for manipulation of Tm3 cells [31]. All transgenic lines showed
clear expression of the Kir2.1 channel in the respective cell types
when stained with antibodies against the EGFP tag (Figure S1).
We selectively stimulated the ON and OFF motion vision path-
ways with either multiple ON or OFF edges moving in the same
direction at a velocity of 50 s1. Control flies responded with
strong direction-selective responses to both moving ON and
OFF edges (Figures 1E and 1F). In contrast, Mi1 block flies
showed a strong reduction in response to ON motion but were
unaffected for OFF motion (Figure 1E). Thus, in accordance
with the predictions from the proposed model [4, 5], Mi1 is an
essential element of the ON motion pathway. Surprisingly how-
ever, when we blocked Tm3 cells, responses to both ON and
OFF stimuli were indistinguishable from those of control flies
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Figure 1. Voltage Responses of Lobula Plate Tangential Cells in Mi1 and Tm3 Block Flies
(A) Correlation-type motion detector. Two spatially separated input lines interact in a nonlinear way after one of them has been temporally delayed. Two mirror-
symmetrical subunits are subtracted to yield a fully opponent direction-selective response.
(B) Anatomy of the neural input elements to T4 cells. Mi1 (cyan) and Tm3 (yellow) are the cells with the strongest input to direction-selective T4 cells (magenta).
(C) Schematic model suggesting that Mi1 and Tm3 form the delayed and non-delayed arm of a motion detector. The nonlinearity occurs in T4 cells.
(D) Response of a computational simulation of correlation-type motion detectors when removing either the delayed or the direct line. With both input lines intact,
the detector produces direction-selective responses to bothmoving ON andOFF edges (black). Blocking either of the two input lines of the ON channel abolishes
responses to ON motion (red) while leaving OFF motion (green) responses intact.
(E and F) Voltage responses of lobula plate tangential cells (calculated by subtracting the response for null direction [ND] stimulation from the response to
preferred direction [PD] stimulation) to moving ON or OFF edges when Mi1 cells (E) or Tm3 cells (F) are silenced. Responses of control flies are depicted in black
and of Mi1 or Tm3 block flies in red for ON motion and green for OFF motion (control, n = 16; Mi1 block, n = 21; Tm3a block, n = 23; Tm3b block, n = 20).
(G and H) Contrast dependence of lobula plate tangential cells to moving ON or OFF edges of Mi1 (G) and Tm3 (H) block flies. Control flies are depicted in
black and block flies in red for ON and green for OFF motion stimuli. Null direction responses were subtracted from preferred direction responses (PD  ND)
(control, n = 12; Mi1 block, n = 14; Tm3a block, n = 9; Tm3b block, n = 10).
Data are presented as mean ± SEM. n indicates the number of recorded cells. Significant differences between control and block flies are indicated by asterisks
(two-sided Student’s t test, Benjamini-Hochberg corrected, *p < 0.05). Detailed statistics are provided in Table S2. Recordings from vertical system (VS) and
horizontal system (HS) cells were pooled. See also Figures S1 and S2 and Table S1.
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(Figure 1F). To rule out that the strong stimulus drives the system
to saturation and that possible residual Tm3 activity was suffi-
cient to generate the observed responses, we varied the stim-
ulus strength by reducing the contrast. Compared to control
flies, Mi1 block flies showed a strong reduction to ON stimuli
for all contrasts and a minor reduction to OFF stimuli in the
low-contrast range (Figure 1G). However, responses of Tm3
block flies were again unaffected, even for very low contrasts
(Figure 1H). Thus, we conclude, in disagreement with the pro-
posed model [4, 5], that Tm3 cells are not necessary in general
for the detection of ON motion.
Differential Velocity Dependence of Mi1 and Tm3 Block
Flies
The finding that Tm3 is a dispensable circuit element under the
tested stimulus conditions does not completely rule out its
involvement in ONmotion detection. It is possible that Tm3 plays
an essential part under certain other stimulus conditions. In addi-
tion to the contrast tuning curve of a motion detector, another
important characteristic is its dependence on velocity. We deter-
mined the velocity tuning curves by presenting single ON or OFF
edges moving in the preferred direction at velocities that
spanned two orders of magnitude. When blocking Mi1 cells,
we found a strong response reduction for all velocities tested
(Figures 2A and 2B). The peak of the residual response was
similar to that of control flies (Figure 2B). Flies in which Tm3 cells
were silenced showed a drastically different phenotype: For slow
velocities, responses were at control level, whereas responses
to fast-moving ON edges were severely reduced (Figures 2C
and 2D). The maxima of the ON tuning curves of Tm3 block flies
were shifted to 12.5 s1 and 25 s1, respectively, as compared
to 100 s1 for control flies. For both Mi1 and Tm3 block flies, the
responses to OFF motion remained at control levels. In conclu-
sion, these experiments demonstrate that Tm3 cells are dispens-
able for the detection of slow ON edges but play a pivotal role in
detecting fast ON motion.
Directionally Asymmetric Effect of Blocking Tm3 Cells
In addition to presenting edges moving in the preferred direc-
tion, we tested responses of Mi1 and Tm3 block flies to null
direction stimulation. Control flies responded with a brief tran-
sient depolarization followed by a sustained hyperpolarization
(Figure 3). For Mi1 block flies, we found a strong response
reduction to moving ON edges over all tested velocities (Figures
3A and 3B). For high velocities, Mi1 block flies even showed a
slight tonic depolarization, revealing an excitatory input that is
largely masked in control flies. The source of this input is
currently unknown but may be related to a T4/T5-independent
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Figure 2. Differential Velocity Tuning of Mi1 and Tm3 Block Flies
(A) Average voltage responses of lobula plate tangential cells of control (black) and Mi1 block flies (red) to slow (12.5 s1) and fast (300 s1) ON edges moving in
the preferred direction.
(B) Velocity tuning curves of lobula plate tangential cells of control (black) and Mi1 block flies to ON edges (red) and OFF edges (green) moving in the preferred
direction (control, n = 13; Mi1 block, n = 11).
(C) Average voltage responses of lobula plate tangential cells of control (black) and Tm3 block (red) flies to slow (12.5 s1) and fast (300 s1) ON edgesmoving in
the preferred direction.
(D) Velocity tuning curves of lobula plate tangential cells of control (black) and Tm3 block flies to ON edges (red) and OFF edges (green) moving in the preferred
direction (control, n = 13; Tm3a block, n = 15; Tm3b block, n = 17).
Data are presented as mean ± SEM. n indicates the number of recorded cells. Significant differences between control and block flies are indicated by asterisks
(two-sided Student’s t test, Benjamini-Hochberg corrected, *p < 0.05). Detailed statistics are provided in Table S2. Recordings fromVS andHS cells were pooled.
See also Figures S1 and S3 and Table S1.
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flicker-sensitive pathway [27]. Responses to OFF motion were
unaffected. Surprisingly, we did not find any effect of blocking
Tm3 cells on responses to null direction motion (Figures 3C
and 3D). Thus, the effect of blocking Tm3 cells is not only veloc-
ity dependent but is also dependent on the direction of stimulus
motion.
Furthermore, we compared resting membrane potentials of
control andMi1 or Tm3 block flies (Table S1) and did not find sig-
nificant differences. This suggests that a possible tonic synaptic
transmission from Mi1 or Tm3 cells does not contribute signifi-
cantly to the resting membrane potential of VS and HS cells,
which otherwise might have influenced the amplitude of visual
responses. Additionally, we did not observe any effect onmagni-
tude, velocity tuning, or directional tuning of OFF motion re-
sponses for both Mi1 and Tm3 block flies (Figures 2 and 3),
arguing for a strict separation of ON and OFF pathways at the
level of Mi1 and Tm3.
Effects of Blocking Mi1 and Tm3 on Motion-Driven
Behavior
In addition to the electrophysiological recordings from lobula
plate tangential cells, we tested the functional contribution of
Mi1 and Tm3 cells to motion-driven behaviors by blocking their
synaptic output andmeasuring the turning responses of tethered
flies walking on an air-suspended ball [32, 33]. We used the tem-
perature-sensitive silencing tool shibirets [34], which allowed us
to block synaptic transmission conditionally by precisely control-
ling the ambient temperature in our behavioral setup. Thereby,
we could rule out developmental effects that may have been
caused by silencing Mi1 and Tm3 with Kir2.1 [29]. In order to
test the differential impairment of ON and OFF motion channels,
we used a balanced motion stimulus [19] and determined veloc-
ity tuning curves. This stimulus consists of multiple bright and
dark edges moving simultaneously in opposite directions. Flies
turn with the direction of moving edges [19]. Thus, wild-type flies
with intact ON and OFF motion pathways are expected to show
little or no turning responses, whereas flies with an impairment of
the ON pathway turn with the direction of moving OFF edges and
vice versa [19, 20]. Indeed, control flies showed only small
turning responses for all velocities (Figures 4A–4D, black traces).
Flies with silenced Mi1 cells, however, turned strongly with the
direction of moving OFF edges, reflecting an impairment of the
ON motion pathway in accordance with the electrophysiological
experiments (Figure 4A). This was true for the whole range of
tested velocities (Figure 4B). In contrast, Tm3 block flies showed
only small turning responses to slowly moving edges but simi-
larly strong responses as Mi1 block flies at high stimulus veloc-
ities (Figures 4C and 4D). The differential effect of silencing Mi1
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Figure 3. Voltage Responses of Lobula Plate Tangential Cells in Mi1 and Tm3 Block Flies to Edges Moving in the Null Direction
(A) Average voltage responses of lobula plate tangential cells of control (black) and Mi1 block flies (red) to slow (12.5 s1) and fast (300 s1) ON edgesmoving in
the null direction.
(B) Velocity tuning curves of lobula plate tangential cells of control (black) and Mi1 block flies (red) to ON edges (red) and OFF edges (green) moving in the null
direction (control, n = 13; Mi1 block, n = 11).
(C) Average voltage responses of lobula plate tangential cells of control (black) and Tm3 block (red) flies to slow (12.5 s 1) and fast (300 s 1) ON edgesmoving in
the null direction.
(D) Velocity tuning curves of lobula plate tangential cells of control (black) and Tm3 block flies to ON edges (red) and OFF edges (green) moving in the null direction
(control, n = 13; Tm3a block, n = 15; Tm3b block, n = 17).
Data are presented as mean ± SEM. n indicates the number of recorded cells. Significant differences between control and block flies are indicated by asterisks
(two-sided Student’s t test, Benjamini-Hochberg corrected, *p < 0.05). Detailed statistics are provided in Table S2. Recordings from VS andHS cells were pooled.
See also Figures S1 and S3 and Table S1.
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and Tm3 was again strongest for low velocities and decayed for
high velocities, as was seen before in the recordings from lobula
plate tangential cells. The velocity range in which Mi1 and Tm3
block flies responded in a similar manner, however, was shifted
to higher values compared to the electrophysiological measure-
ments. This discrepancy is reminiscent of the difference in the
temporal frequency optimum between lobula plate tangential
cells and the optomotor response of walking flies [35] and is
therefore likely to be due to the same mechanisms [36, 37].
The behavioral phenotype of Tm3 block flies resembles the
preferred direction-specific effect that we observed in the elec-
trophysiological experiments. It is currently unclear whether
the hyperpolarization in tangential cells that is caused by null
direction stimulation has a direct effect on the turning behavior
of walking flies. Our results suggest that the depolarization that
is induced by movement in the preferred direction is the domi-
nant, if not the only force that drives turning behavior. Taken
together, the findings from behavioral experiments are in agree-
ment with the electrophysiological measurements and suggest a
functional specialization of Mi1 and Tm3 cells with respect to
their velocity-dependent input to T4 cells.
DISCUSSION
Direction-selective responses to moving bright edges first arise
in T4 cells, but it is still unclear how these responses are shaped
by T4’s presynaptic inputs. Our results provide insight into this
question and demonstrate that Mi1 is an essential element for
the detection of ON motion over all contrasts, velocity ranges,
and directions of motion. This is consistent with Mi1 being one
of the two input lines of an elementary motion detector. In
contrast, Tm3 is dispensable under slow-motion stimulus condi-
tions but necessary for the detection of fast movement in the
preferred direction. Consequently, a Tm3-independent mecha-
nism must exist that computes the direction of motion for slowly
moving ON edges. Thus, ON motion is detected by at least two
functionally specialized, complementary mechanisms: one de-
tector for slow and another for fast motion, both sharingMi1 cells
as a common component. The combined action of these
mechanisms allows the fly to detect visual motion over a larger
range of velocities and more robustly. Additionally, modulatory
or adaptive mechanisms would then be able to affect fast- and
slow-motion-detection mechanisms independently.
Mechanistically, our findings give rise to two alternative
hypotheses. First, Mi1 alone may be sufficient for generating di-
rection-selective responses in T4 cells at slow velocities. In this
scenario, the delay could be implemented by differential tempo-
ral filtering of Mi1 inputs that arrive at distal versus proximal loca-
tions of T4 cell dendrites. The asymmetric filtering may be due to
the passive electrical properties of T4 cell dendrites which would
impose a larger delay on signals arriving more distally, possibly
in interaction with active dendritic conductances [38, 39]. This
would offer a functional explanation for the finding that the
anatomical orientation of T4 dendrites correlates with their
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Figure 4. Behavioral Responses of Mi1 and Tm3 Block Flies
(A) Average turning speed of shibire control (black) and Mi1 block flies (red) to slow-moving (20 s1) and fast-moving (320 s1) opposing ON and OFF edges.
Arrows at the left indicate the direction of moving ON and OFF edges.
(B) Velocity tuning curves for control (black and gray) andMi1 block flies (red) tomoving opposing edges (shibire control, n = 14;Mi1 control, n = 12;Mi1 block, n = 16).
(C) Average turning speed of shibire control (black) and Tm3 block flies (red) to slow-moving (20 s1) and fast-moving (320 s1) opposing ON and OFF edges.
Arrows at the left indicate the direction of moving ON and OFF edges.
(D) Velocity tuning curves for control (black and gray) and Tm3 block flies (red) to moving opposing edges (shibire control, n = 14; Tm3a control, n = 12; Tm3b
control, n = 12; Tm3c control, n = 13; Tm3a block, n = 12; Tm3b block, n = 15; Tm3c block, n = 12).
In (A) and (C), response traces of Gal4 controls were omitted for clarity. Data are presented as mean ± SEM. n indicates the number of measured flies. Significant
differences between both genotype controls and block flies are indicated by asterisks (two-sided Student’s t test, Benjamini-Hochberg corrected, *p < 0.05).
Detailed statistics are provided in Table S2. See also Figures S1 and S4.
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directional preference [4]. Indeed, such a role for dendritic
morphology in conferring direction selectivity has been found
in the Hb9+ subtype of retinal ganglion cells [40]. For these cells,
compatible with our findings, dendritically mediated direction
selectivity is only apparent at slow velocities, with inhibition-
mediated direction selectivity dominating at high velocities.
Alternatively, the delay may be implemented by Mi1 cells that
have spatially offset receptive fields and target the same T4
cell dendrite but synapse onto receptors with different temporal
transduction properties. Mi1 is reported to be cholinergic [41]
and both fast nicotinic and slow muscarinic acetylcholine
receptors are expressed in T4 cells [21]. These two scenarios
would allow a single cell type (Mi1) to act as both the direct
and delayed line, depending on the postsynaptic transduction
mechanisms.
As a second hypothesis, additional inputs to T4 cells, other
than Mi1 and Tm3, might be essential for the detection of ON
motion at low velocities. Indeed, an ongoing connectomic study
encompassing a larger volume of the medulla reports additional
cells apart from Mi1 and Tm3 providing input to T4 cells (http://
emanalysis.janelia.org). The strength of these newly described
inputs was severely underestimated in the previous study [4],
raising the possibility that they play an essential role in gener-
ating direction-selective signals in T4. Interestingly, such a
scheme has recently been proposed for the OFF pathway, with
Tm2 being the instantaneous input line of a motion detector
that receives the delayed input from Tm1 and Tm9 cells, which
are hypothesized to possess different temporal filtering charac-
teristics [21]. Notably, for the first hypothesis, the delay needs to
be implemented postsynaptically to Mi1, whereas the second
hypothesis is compatible with a cell-intrinsic delay mechanism.
Clearly, a definite understanding of the underlying cellular and
biophysical mechanisms will require identification of the sign
and temporal characteristics of all T4 synaptic inputs as
well as blocking their synaptic output under different stimulus
conditions.
Furthermore, our results revealed that the effect of blocking
Tm3 cells is dependent on the direction of stimulus motion,
with preferred direction responses being selectively affected.
This directionally asymmetric effect is reminiscent of the behav-
ioral phenotype that was observed when blocking certain
subtypes of lamina cells [18]. Most interestingly, when blocking
lamina cells C3, turning responses of tethered flying flies were
selectively impaired only when presenting motion from back to
front, but not from front to back. As an additional parallel to
our Tm3 results, this effect was only present at high stimulus
speeds [18]. C3 cells, as Mi1 and Tm3, receive strong input
from lamina cells L1 and L5 and form, albeit few, input synapses
to T4 [4]. The direction-dependent effect of blocking C3 cells was
linked towiring asymmetries of this cell type. Such an anatomical
asymmetry has not yet been reported for Tm3 cells, as the direc-
tionality of wiring was not comprehensively analyzed in the
recently published medulla connectome [4]. We hypothesize
that such an anatomical asymmetry might exist and that it could
account for the direction-dependent effect of blocking Tm3 cells
that we observed.
In addition to the specific effects of blocking Mi1 or Tm3 on re-
sponses to ON motion, we found only a very mild effect on OFF
responses. This suggests that Mi1 and Tm3, in contrast to many
lamina cells [17] and in agreement with an increase of rectifica-
tion from distal to proximal medulla layers [24], feed almost
exclusively into the ON pathway.
In conclusion, our study is the first functional demonstration
that Mi1 and Tm3 cells are indeed crucial elements of the
Drosophila ON motion detector, as previously suggested [4, 5].
However, while Mi1 is a necessary component under all stimulus
conditions tested, the functionally segregated requirement of
Tm3 with respect to stimulus velocity and direction suggests
that additional yet unidentified cells or circuit mechanisms are
involved as well.
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